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INTRODUCTION 
The need for children to demonstrate rapid aiming 
movements is becoming more important as our environment is 
constantly changing. We live in a society where video games 
have replaced board games and the use of computers in 
elementary schools has become the norm. For children, computer 
tasks, sport tasks, and tasks of everyday life, including 
writing and coloring, require fine hand-eye coordination. 
Therefore, it is essential to gain a better understanding of 
the underlying motor processes for hand-eye coordination of 
children. 
Woodworth (1899) proposed that aiming movements are made 
up of an initial ballistic phase that propels the limb toward 
the target in an open-loop fashion and a current control phase 
based on visual feedback that aid the limb to "hone in" on the 
target. Previous research of speed-accuracy movements by Kerr 
(1975) and Hay (1981) have demonstrated that if accuracy of 
the movement is held constant, then movement speed becomes 
faster as children increase in age. This finding is in 
accordance with Fitt's (1954) law, which states that the 
relationship between the level of difficulty of the task and 
movement time is relatively linear. From this, we can derive 
that as tasks become more difficult, the speed of the movement 
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decreases. 
A typical rapid aiming task used in research involves 
rapidly moving the hand or hand-held implement from one target 
to another. Figure 1 shows a typical velocity and acceleration 
curve for a young child performing this type of movement 
(Thomas, Yan, & Stelmach, 2000). Meyer et al. (1988) have 
indicated that the end of the ballistic phase is when the 
acceleration curve crosses the zero line a second time (see 
Fig. 1). The feedback-controlled phase of the movement begins 
at that time. 
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Figure 1. Typical velocity and acceleration curve for 
children, with movement time on the baseline (used with 
permission, Thomas, Yan, & Stelmach, 2000). 
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Research regarding the duration of these submovements 
with rapid aiming tasks is conflicting. Langolf et al. (1976, 
Experiment 1) has reported that target distance or width does 
not affect primary submovement durations while Jagacinski et 
al. (1980) challenges their report by finding that the 
duration of the primary submovement is indeed affected by both 
target distance and width. According to the deterministic 
iterative-corrections model (Crossman & Goodeve, 1963/1983; 
Keele, 1968), the primary and secondary phases during a 
movement have a defined beginning and end and therefore, a 
constant duration. Meyer et al. (1988) challenges this idea by 
noting that although the deterministic iterative-corrections 
model provides a useful quantitative account of Fitt's law, it 
cannot deal with other observed characteristics of rapid aimed 
movements, such as the duration of primary (initial) 
submovements, the spatial variability of the movement's 
endpoint, the relative frequency of higher order correctiv e 
submovements, the relative frequency of errors (target 
misses), and the effects of feedback deprivation. Due to the 
conflicting results, more research needs to be done to 
evaluate the processes that underlie rapid aiming movements. 
While research has provided information about how manipulating 
task difficulty influences submovement characteristics for 
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adults, knowledge about the developmental implication of task 
difficulty and submovement characteristics is very limited. 
Using a developmental approach to compare two age-levels 
of children with adults, this study e x amined the changes in 
movement microstructure (ballistic vs. feedback controlled) of 
a rapid aiming task when target size and movement length are 
varied. The application of Fitt's law developmentally was also 
examined in this study. This study proposed that Fitt's law is 
not a good developmental explanation for the variability in 
performance on rapid aiming movements across childhood to 
adults. If Fitt's law is not a good developmental explanation, 
then the following hypotheses would be expected: 
1. The age by task difficulty interaction will be 
significant; that is the differences observed 
in movement times among age levels will 
not be proportional across levels of task difficulty. 
Both an age effect - children will move more slowly 
than adults, and a task effect - more difficult tasks 
result in slower movements, are expected. 
If Fitt's law is not a good developmental explanation, 
but Meyer et al. (1988) Optimized Dual-Submovement Model is, 
which says there is a compromise between the mean duration of 
the primary submovements and the mean duration of secondary 
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submovements in an effort to handle task difficulty, then: 
2. The age by task difficulty interaction should be 
significant for percentage of primary submovement as 
determined by time or distance or both. However, there 
will be an age effect as previous research shows 
children have smaller primary submovements. There 
should also be a task difficulty main effect as 
increased task difficulty should result in a decreased 
primary submovement phase. 
In addition, if Fitt's law is not a good developmental 
explanation, the smoothness (or lack of) of the movement may 
be a possible explanation; that is children's overall 
movements are less smooth. If smoothness of movement is a 
possible explanation then: 
3. The age by task difficulty interaction should be 
significant for jerk. For jerk, an age effect would be 
expected (from previous research) and a task 
difficulty effect as a more difficult task will 
produce shorter primary submovements and more 
corrective action at the end of the movement thereby 
increasing jerk. 
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LITERATURE REVIEW 
Yan et al. (2000) suggested that the mechanism, which 
contributes to a shortened primary submovement, is different 
among children and adults. Of interest in this study is the 
developmental perspective comparing children, adults, and 
elderly. Presumably, limited experience with rapid aiming 
movements contributes to a shorter ballistic control phase and 
a longer feedback phase. This allows the child to make 
corrections and hit the target. 
In the Yan et al. (2000) study, four age groups were 
formed to examine developmental differences in arm movement 
control across the lifespan. Twenty young children (M=6.4 
years of age) and 20 older children (M=9.2 years of age) 
attending elementary school, were participants in this study. 
Twenty young adults, who were college students, (M=24.4 years 
of age) and 20 healthy senior adults (M=73.5 years of age), 
recruited from the local community, made up the older 
population. The arm movements were performed on a flat surface 
of a digitizer, which was connected to a PC computer. This 
study analyzed age and task effects in the conditions of 
varying movement complexity (Study 1), response uncertainty 
(Study 2), and precue use (Study 3). Analyses from this study 
show that poorer performance of young children and senior 
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adults was caused by more "on-line" adjustments. The need for 
adjustment is representative of a smaller proportion of the 
movement being under central control. The study also found 
that movement accuracy demands or response uncertainty 
interacted with age. The 6- and 74- year old participants had 
poorer performance but responded similarly to varying 
treatments. 
In spatially constrained movement studies, a few 
investigators have reported that target width or distance did 
not affect primary submovement durations (Annett et al.,1958; 
Langolf et al.,1976, Experiment 1). These results were 
obtained even though the average total movement times obeyed 
Fitt's law. This is consistent with the deterministic 
itterative-corrections model, which assumes constant 
submovement durations. This constancy may, however, be limited 
to a few unusual circumstances such as extremely small finger 
movements. 
As alluded to earlier, Jagacinski et al. (1980) and 
Langolf et al. (1976, Experiment 2), in experiments under more 
typical circumstances, observed marked effects of both target 
distance and width on the duration of primary submovements. 
These investigators found that as the distance to the target 
increases or target width was decreased, primary submovement 
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duration was not constant. This finding contradicts the 
deterministic iterative-corrections model. Primary 
submovements, as well as the corrective feedback movements, 
have considerable variability even when the target distance 
and movement length are fixed (Jagacinski et al.,1980; Langolf 
et al.,1976). 
Subsequent research has been done regarding the 
application of Fitt's law. It has been previously mentioned 
that the "difficulty" (the index of difficulty) of a movement 
was related to the size of the target and the distance that 
the limb moved. When the index of difficulty increases, the 
speed-accuracy trade-off is evident. When the participant 
encounters a more difficult task, the movement time increases, 
reflecting the increased cognitive effort to analyze incoming 
feedback in an attempt to remain accurate. This principle has 
shown credible generality to a variety of movements and has 
been shown to hold well for children (Hay, 1981; Schellekens, 
Kalverboer, & Scholten, 1984). 
Developmental studies by Hay, Bard, Fleury, and Teasdale 
(1991) and Thomas (1980), have shown that younger children 
generally process information slower and with more errors than 
older children and adults. Yan et al. (1995) found that 5-year 
olds required a greater cognitive effort to control their arm 
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movements than did 8- and 10-year olds. They also reported 
that the arm movements of young children were more variant 
than those of older children. 
Yan et al. (2000) determined that children do in fact 
have less smooth movements. The first and second derivatives 
of movement displacement (velocity and acceleration) are used 
in the assessment of movement substructures. Previous studies 
(Yan et al., 2000; Schneider & Zernicke, 1989; Flash, 
Inzelberg, & Korsczyn, 1992; Thomas, Yan, & Stelmach, 2000) 
have suggested movement jerk (the third derivative of movement 
displacement) is an indicator of the smoothness of the 
movement. Due to the high variability of movement in children 
and less smooth movement in general, children are likely to 
exhibit a more profound increase in jerk compared to adults, 
when target width and movement length are manipulated. 
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MATERIALS AND METHODS 
Participants 
Sixty participants took part in the research, 20 at each 
of three age levels. The young children were 6 years of age 
(M=5.96, SD=0.09) and the older children were 9 years of age 
(M=8.99, SD=0.09). The adult participants (M=22.81, SD=2.14) 
were volunteers from the Department of Health and Human 
Performance at Iowa State University. All participants were 
right handed and none had prior experience with the apparatus. 
Each participant and a parent (of the children) signed a 
consent form, approved by the Human Subjects Committee, before 
the testing. 
Apparatus and Design 
The participants performed the arm movements on a flat 
surface of a digitizing tablet (WACOM, UD-1218-RSB, 170 Hz 
sampling frequency, 0.25-mm spatial accuracy, recording x and 
y position and time data). In order to display and record the 
arm movements, a personal computer was connected to the 
tablet. 
The participant held a stylus pen as if they were 
writing. The pen was held in the right hand. The rapid aiming 
arm movement was made directly from the midline of the body to 
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the target on the digitizing tablet. There were four 
conditions used in this experiment. The target width and 
movement length were manipulated for each task (see Table 1 
and Figure 2). 
Table 1. Movement length and target width for each condition 
Condition Movement Length Target Width Difficulty Index 
1 15 cm 2 cm 3.91 
2 15 cm 4 cm 2.91 
3 30 cm 2 cm 4.91 
4 30 cm 4 cm 3.91 
Figure 2. Top view of the subject and apparatus. 
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Due to the limb length constraints of the young children, 
we were unable to reproduce appropriate movement distances. 
According to Fitt's (1954), the longer movement length should 
be 8 times longer than the shorter movement length. Since we 
were unable to have our younger participants produce long 
movements without full extension of the elbow, we over-
represented the target width. Support for this adjustment 
stems from an experiment conducted by Sidaway (1991) in which 
both target size and movement distance were manipulated. 
Because ID for a circular target is a ratio of the movement 
distance to the target's width, ID can also be expressed as 
the angle subtended by the diameter of the target orthogonal 
to the direction of movement. He found mean simple reaction 
time (SRT) to increase as subtended angle decreased, but SRT 
was not affected by the movement distance manipulation. 
In all conditions, the distance between the home starting 
position and the target was set to avoid full extension of the 
elbow joint. The conditions were performed in random order. 
Only the trials in which the stylus moved into the target 
circle were used for analyses. The participant practiced the 
task for at least 5 trials or until the experimenter was 
satisfied the task was understood. Following practice, data 
was collected for 15 "good" trials. Trials were "good" when 
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they hit the target with no visible deviation from a linear 
movement. 
Of methodological interest to this study, is the how the 
participants within each age group respond to Conditions One 
(3.91S) and Four (3.91L). According to Fitt's Law, their 
movement times should not be significantly different within 
age levels. 
Procedure 
The participant sat on an adjustable chair in front of 
the digitizing tablet that was resting on a tabletop. The 
chair was adjusted so that the edge of the digitizing tablet 
was touching the participant's sternum. The participant was 
asked to move the right hand in a straight line directly away 
from the body to the target in a rapid and accurate fashion. 
The digitizer and chest remained in contact throughout the 
movement. When the participant was instructed to "go", they 
moved the stylus from the home starting position to the target 
as rapidly as possible. 
Data Reduction and Analyses 
The raw data were filtered using a digital filter with 
cutoff frequencies of 9 Hz. After the filtering, movement data 
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(position/time) were reduced for analyses. The software 
determined movement onset to be when the movement exceeds 8 
mm/sand movement offset when the movement declined below 3 
mm/s. The percentage of primary submovement time in movement 
time was calculated as the portion of movement time 
beginning at movement onset and ending at the second "zero 
crossing" (going below and returning above the zero 
acceleration point) in the acceleration curves -- divided by 
total movement time (Meyer et al., 1988). The percentage of 
movement distance in the primary and secondary movements was 
calculated using the same procedures. 
Jerk reflects the smoothness of the movement (e.g. Flash 
et al., 1992; Yan et al., 2000). Following the procedures of 
Kitazawa, Goto, and Urushihara (1993), jerk was normalized. 
The time integral of squared jerk (length2 /duration5 ) was 
divided by the length2 /duration5 of the movement. A study by 
Schneider and Zernicke (1989) has shown that normalized jerk 
is reflective of changes in movement speed, direction, and 
timing and is said to reflect the smoothness of movement. In 
this study, the normalized jerk for the entire arm movement 
was the overall jerk. 
The design for this study was three age groups (6, 9, 
adults) where the participants in each age group completed 
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four movement conditions (Figure 2). The analyses were four 3 
x 4 ANOVAS, each with a between (age groups) and within 
(movement conditions) factor using movement time, proportion 
primary movement for both time and distance, and movement jerk 
as dependent variables. Alpha was 0.05 but the Bonferroni 
technique was applied to correct for doing the 4 ANOVA; thus, 
significance was p~.0125 (.05/4). 
For the dependent measures used in this study, Yan et al. 
(2000) reported the smallest effect size between 6-year olds 
and adults to be 1.3. Using the smallest effect size estimate 
and power of 0.8, 18 participants per group are needed. Based 
on these estimates, 20 participants per group were used. 
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RESULTS 
Figure 3 shows typical examples of velocity and 
acceleration curves for each age group (6,9,adult). The curves 
were selected based on their representation of the average 
age-group performance. The dotted lines segment the curve into 
the primary and secondary submovement. The curves can be used 
to gain a better understanding of the data represented 
throughout the paper. Note that younger children typicall y 
have shorter primary submovements when compared to older 
children and adults. 
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Figure 3. Typical velocity and acceleration curves. 
700 
500 
E 
.§. 300 
100 
-100 
7000 
N' 
-!!! 2000 E 
.§. 
(.) -3000 (.) 
c( 
-8000 
700 
500 
E 
.§. 300 
G) 
> 100 
N' 
-!!! 2000 E 
.§. 
(.) -3000 (.) 
c( 
17 
9-Year Old 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time [s] 
Adult 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time [s] 
Figure 3. Continued 
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All of the dependent variables were evaluated using the 
Mauchly's Test of Sphericity. Each variable had a Huynh-Feldt 
epsilon value of greater than 0.875. Therefore, univariate 
repeated measures analyses were used, rather than 
multivariate. 
Movement Time 
Age and task difficulty would be expected to influence 
movement time. The two-way repeated measures ANOVA revealed a 
significant age by task difficulty interaction for the 
movement time measure (see Figure 4), F(6,171)= 3.85, p<.001. 
The figure indicates that the 6-year old (0.46s) and 9-year 
old (0.51s) participants slowed down more in the most 
difficult condition (4.91) than the adults (0.21s). This 
finding suggests that Fitt's (1954) law does not apply 
uniformly across age; that is, the movement difficulty has a 
disproportional influence for children and adults. 
In addition, the age main effect was significant, 
F(2,57)=49.15, p<.001. Scheffe' follow-up tests indicated that 
the adult participants were significantly faster (M=0.48, 
SD=0.08) than the older children (M=l.24, SD=.34) and younger 
children (M=l.38, SD=.40); the 9-year old and 6-year old 
participants did not have significantly different performances 
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Figure 4. Movement time across conditions for the 6-year 
olds, 9-year olds, and adults. 
for movement time. 
The main effect of task difficulty was also found to be 
significant, F(3,171)=54.84,p<.001. Scheffe' tests indicated 
that all four conditions of task difficulty were significantly 
different: 
• 2.91 (easiest) condition, M=.86, SD=.43 
• 3.91S (short 3.91) condition, M=.95, SD=.46 
• 3.91L (long 3.91) condition, M=l.09, SD=.56 
• 4.91 (most difficult) condition, M=l.25, SD=.62 
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In order to evaluate if Fitt's (1954) law follows 
standard adult movement outcomes, we performed Scheffe' 
follow-up tests on the movement conditions (for movement 
time). The follow-up tests revealed that all movement 
conditions for adults were significantly different from each 
other and movement time increased with increasing index of 
difficulty. Specifically, the 3.91S and 3.91L conditions were 
significantly different although according to Fitt's (1954) 
law, they should be the same. However, we do see the correct 
pattern as the easiest condition (2.91) had the shortest 
movement time and the most difficult condition (4.91) had the 
longest movement time. 
Percentage of Primary Submovement in Movement Time 
Percentage of primary submovement in movement time was 
the movement time in the primary submovement divided by the 
overall movement time of the rapid aiming movement (%). An 
important purpose of this study was to evaluate the effect of 
age and index of difficulty on the percentage of the primary 
submovement in movement time. There was not a significant two-
way interaction (Age by Difficulty) for the percentage of 
primary submovement in movement time measure, F(6,171)= 0.73, 
p >0.05. Since this interaction is not significant, the 
percentage of primary submovement for movement time does not 
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explain the age x task difficulty interaction in overall 
movement time for Fitt's (1954) law. 
The age main effect (see Figure 5) was significant, 
F(2,57)= 304.57, p<.001. Follow-up tests (Scheffe') indicated 
that the adult participants had a significantly greater 
percentage of primary submovement in movement time than older 
children and younger children; the 9-year old and 6-year old 
participants did not have a significantly different percentage 
of primary submovement for movement time. In addition, the 
main effect of task difficulty (see Figure 6) was significant, 
F(3,171)=23.26,p<.001. The follow-up tests (Scheffe') indicated 
that the easiest condition (2.91) had a significantly greater 
percentage of primary submovement in movement time than 3.91S, 
3.91L, and the most difficult condition (4.91); the only non-
significant finding was between the 3.91S and 3.91L 
conditions, which is expected since their index of task 
difficulty was the same. 
Percentage of Primary Submovement in Movement Distance 
Another way to determine how much of the movement is 
under ballistic control is to divide the movement distance in 
the primary submovement by the total movement distance. The 
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Figure 5. Primary movement time (collapsed across 
conditions) for adults, 9-year olds, and 6-year olds. 
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Figure 6. Primary movement time (%) (collapsed across 
age) for the four conditions. 
23 
two-way repeated measures ANOVA indicated that the age by 
difficulty of task interaction was not significant, F(6,171)= 
1.04, p>0.05. Likewise, primary submovement distance does not 
explain why Fitt's (1954) law does not apply equally across 
the age groups. 
However, the age main effect (see Figure 7) was found to 
be significant, F(2,57)=673.91, p<.001. Scheffe' follow-up 
tests indicated that adult participants have a significantly 
greater percentage of primary submovement in movement distance 
than older children and younger children; 9-year old and 6-
year old participants were not significantly different in 
percentage of primary submovement in movement distance. In 
addition, the main effect of task difficulty (see Figure 8) 
was significant, F(3,171)=18.55, p<.001. Scheffe' follow-up 
tests indicated that the easiest condition (2.91) had a 
significantly greater percentage of primary submovement in 
movement distance than 3.91L and the most difficult condition 
(4.91); condition 2.91 was not significantly different than 
3.91S. In addition, 3.91S and 3.91L were not significantly 
different, nor was the most difficult condition (4.91) and 
3.91L. 
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Movement Jerk 
Movement jerk has been shown to be the most sensitive 
measure of changes in movement speed, direction, and timing 
and is said to therefore reflect the smoothness of the 
movement (Schneider & Zernicke, 1989; Yan, Thomas, Stelmach, & 
Thomas, 2000). The two-way repeated measures ANOVA, for the 
movement jerk index, indicated that the age by difficulty of 
task was significant, F(6,171)= 3.42, p~.0l(see Figure 9). 
While the children had more jerk in every condition, the 
figure indicates that the 6-year old and 9-year old 
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participants had more movement jerk in the most difficult 
condition (4.91) while the adults stayed about the same. This 
finding suggests that the failure of Fitt's (1954) law to 
apply equally across age groups for movement time is at least 
partially explained by the lack of smoothness in children's 
movements when compared to adults. 
In addition, the age main effect was significant, 
F(2,57)=17.47, p<.001. The follow-up tests (Scheffe') indicated 
that the adult participants had significantly less jerk 
(M=52.07, SO=36.98) than older children (M=321.13, SO=201.45) 
and younger children (M=439.46, SO=305.65); 9-year old and 6-
year old participants did not have significantly different 
values for movement jerk. The main effect of task difficulty 
was found to be significant as well, F(3,171)=14.96, p<.001. 
Scheffe' follow-up tests indicated that the easiest condition 
(2.91) had significantly less jerk (M=188.42, SO=177.83) than 
3.91L (M=275.88, SO=310.77) and the most difficult condition 
(4.91) (M=368.89, SO=380.85); there was no significant 
difference in movement jerk for the short conditions, 3.91S 
(M=250.36, SO=284.82) and 2.91. In addition, there was no 
significant difference in the amount of movement jerk for 
3.91S and 3.91L. 
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DISCUSSION 
The purpose of this study was to examine the 
developmental changes in movement microstructure (ballistic 
vs. feedback controlled) of a rapid aiming task when target 
size and movement length were varied. Overall, the study found 
significant differences (in primary submovement and amount of 
smoothness) between the rapid aiming task performance of 
adults and children, a result previously reported (Thomas et 
al., 2000; Yan et al., 2000). 
This study proposed that Fitt's (1954) law is not a good 
developmental explanation for the variability in performance 
on rapid aiming movements across childhood to adults. The age 
by task difficulty interactions were found to be significant 
for movement time, a finding not predicted by Fitt's (1954) 
law. 
The first hypothesis of this study indicated that the age 
by task difficulty interaction would be significant for 
movement time; that is the differences observed in movement 
times among age levels will not be proportional. Both an age 
effect - children will move more slowly than adults and a task 
effect - more difficult tasks result in slower movements, were 
expected. This study revealed a significant interaction (age 
by task difficulty) for movement time. Since the interaction 
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was significant, Fitt's law does not appear to account for age 
group differences in task difficulty. The younger (0.46s) and 
older children (0.51s) had a significantly greater increase in 
movement time as target width decreased and movement length 
increased than adults (0.21s). These findings suggest that 
reducing target width and increasing movement length increase 
movement time more in children than adults. In addition, 
children performed significantly slower than adults and all 
four conditions of task difficulty were significantly 
different. 
The second hypothesis suggested that if Fitt's law was 
not a good developmental explanation, but Meyer et al. (1988) 
Optimized Dual-Submovement Model was, then the age by task 
difficulty interaction should be significant for percentage of 
primary submovement as determined by time or distance or both. 
Figure 1 demonstrated how primary and secondary submovements 
were identified using the velocity and acceleration curves. 
The interactions for percentage of primary submovement in 
movement time and percentage of primary submovement in 
movement distance were not significant. Therefore the 
~inability" to apply Fitt's law developmentally for movement 
time was not explained by percentage of primary submovement in 
movement time or distance. However, as hypothesized, there was 
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an age effect as previous research has shown children have 
smaller primary submovements (Yan et al., 2000). Adults had a 
significantly greater percentage of primary submovement in 
movement time and in movement distance than children. A task 
difficulty main effect was also expected and found, as more 
difficult tasks should result in shorter primary submovements. 
These findings replicate previous work from Yan et al. 
(2000) that suggested the mechanism, which contributes to a 
shortened primary submovement, is different among children and 
adults. Presumably, limited experience with rapid aiming 
movements contributes to a shorter ballistic control phase and 
a longer feedback phase. Yan et al. (2000) showed that poorer 
performance of young children when compared to adults was 
caused by more "on-line" adjustments. 
Thomas, Yan, and Stelmach (2000) proposed that a decrease 
in the noise-to-force ratio as children age produces the 
longer primary submovements. As a result, more of the overall 
movement is controlled by the ballistic component and less 
corrective action is needed at the end of the movement. 
Another explanation for the shorter proportion of primary 
submovement in children is that due to the relative 
inexperience of performing rapid aiming movements, the 
children may prefer to move slower because they know they are 
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not accurate at faster speeds. This idea is supported by the 
speed-accuracy trade-off theory. In order to maintain a high 
level of accuracy, the children substitute accuracy for speed 
in their movements, thus resulting in a slower movement with 
more corrections. In addition, perhaps children are adhering 
to the Optimized Dual-Submovement Model. Under the Optimized 
Dual-Submovement Model (Meyer et al., 1988), individuals try 
to reach the target region as quickly as possible while 
attaining some set high proportion of final target hits. To 
achieve their aim, the individual must adopt an appropriate 
strategy for handling the effects of motor noise. Such a 
strategy requires making an optimal compromise between the 
mean duration of primary submovements and the mean duration of 
secondary submovements, whose sum determines the average total 
movement duration. Perhaps the "adopted" strategy used by 
children is to decrease the speed at which they move. Rather 
than demonstrating fast, inaccurate movements with longer 
primary submovement, the children exhibit slow, accurate 
movements with shorter primary submovement and increased 
feedback corrections. 
The third hypothesis states that if Fitt's law is not a 
good developmental explanation, the smoothness (or lack of) of 
the movement may be a possible explanation. Our findings 
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support this hypothesis. This study revealed that results from 
movement jerk support this view; that is, there is a 
significant age by task difficulty interaction. This 
interaction shows that Fitt's law does not operate the same 
for children and adults when the index of difficulty is 
varied. Fitt's law predicts the same outcomes regardless of 
age. Perhaps the application of the many "developmental" 
variables (i.e. noise-to-force ratio) that may influence 
performance have not been accounted for. In addition, as 
hypothesized, there was a significant age and task difficulty 
main effect for movement jerk. Scheffe' follow-up tests 
indicated that adults had a significantly less movement jerk 
in their movement than did older and younger children. The 
easiest condition (2.91) had significantly less movement jerk 
than the most difficult condition (4.91). 
Yan et al. (2000) proposed that young children program 
only the initial start toward the target of rapid aiming 
movements and appear to rely on corrective adjustments during 
the remaining larger portion of the movement (secondary 
submovement) to arrive at the target. This results in slower, 
less smooth, and more variant movement, especially as 
reflected by larger values in a sensitive measure like jerk. 
Adults, however, program a greater portion of the movement 
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resulting in a longer ballistic component and fewer corrective 
adjustments. Thus, the primary submovement brings them closer 
to the target of the movement and results in faster, smoother, 
and less variant movements. In addition, children may have 
imprecise force variability. Movements are controlled by the 
force-time specifications of the agonist and antagonist 
muscles. The use of sensory feedback at the end of a rapid 
aiming movement results from a motor command that contains an 
imprecise force-time relationship. Incomplete specification 
(Walker, Philbin, & Fisk, 1997) likely causes incomplete 
muscle activation. The central nervous system is then required 
to monitor and adjust movements during the latter phase of the 
movement through use of sensory-motor information. Thus, the 
part of the movement that is under ballistic control reflects 
the efficiency of motor planning (Meyer et al., 1988). 
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CONCLUSION 
Children change the underlying structure of their 
movements as a function of target width and movement length 
manipulation in ways similar to those of adults. When target 
width is reduced and movement length is increased, adults, 
older children, and younger children performed proportionately 
in percentage of movement time and distance in the primary 
submovement. The children reduced the smoothness of the 
movement to a greater extent than adults do. 
The application of Fitt's law may be problematic 
developmentally. Fitt's law predicts the same outcomes for 
various levels of movement difficulty regardless of age. 
However, there was a significant interaction (age by task 
difficulty) for movement time and it was best explained by a 
decrease in movement smoothness in children. Therefore, Fitt's 
law does not offer a good developmental explanation. 
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APPENDIX A. HUMAN CONSENT FORMS 
Project Title: Movement substructures change as a function of 
target width and movement length manipulation in children and 
adults 
CONSENT FORM - ADULT 
The need for children to demonstrate rapid aiming movements is 
becoming more important as our environment is constantly 
changing. We live in a society where video games have replaced 
board games and the use of computers in elementary schools has 
become the norm. For children, computer tasks, sport tasks, 
and tasks of everyday life, including writing and coloring, 
require fine hand-eye coordination. It is therefore, the 
purpose of this study to gain a better understanding of the 
underlying motor processes that occur within the movement 
substructures of children. This study will examine the changes 
in movement microstructure (ballistic vs. feedback controlled 
phase) of a rapid aiming task when target size and movement 
length are varied. 
As a participant in this study you will complete a series of 
rapid aiming movements. The movement will involve moving a 
stylus pen along a digitizing tablet. There will be four 
conditions made up of small/large targets and short/long 
movements. Each condition will be performed approximately 15 
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times. The expected duration for your participation is 30 
minutes. 
Your participation in this study will help advance our 
understanding of the underlying processes which occur during 
rapid aiming movements. We will also gain valuable insight as 
to how we can help children demonstrate timely and accurate 
movements when performing computer tasks, sport tasks, and 
tasks of everyday life. 
There are no foreseeable risks or discomforts associated with 
this research. The movement recorded will be minimal (15-30 
cm) and you will be seated comfortably in a chair while 
performing tasks on the tablet. 
At any time during the study, you may withdraw your consent to 
participate without prejudice toward you. Such withdrawl can 
be for any reason you choose. 
Your questions on any aspect of this research are welcome. At 
the conclusion of this study, you will be informed of the 
results of this study and the conclusions drawn from the 
results. Your results will be kept strictly confidential and 
should your data be used in publication of the results, your 
name or any identifying characteristics will not be used. 
* * * * * * * * * * 
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I have read the above form and understand the testing 
procedures. I voluntarily agree to participate in this 
research project and will allow the results to be used for 
research purposes. 
Name Witness 
Date Date 
If there are further questions regarding this study, please 
contact: 
Amy S. Albers 
Graduate Student at Iowa State University 
235 Forker Building, Ames, Iowa 
515-294-8009 
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Project Title: Movement substructures change as a function of 
target width and movement length manipulation in children and 
adults 
CONSENT FORM - MINOR 
The need for children to demonstrate rapid aiming movements is 
becoming more important as our environment is constantly 
changing. We live in a society where video games have replaced 
board games and the use of computers in elementary schools has 
become the norm. For children, computer tasks, sport tasks, 
and tasks of everyday life, including writing and coloring, 
require fine hand-eye coordination. It is therefore, the 
purpose of this study to gain a better understanding of the 
underlying motor processes that occur within the movement 
substructures of children. This study will examine the changes 
in movement microstructure (ballistic vs. feedback controlled 
phase) of a rapid aiming task when target size and movement 
length are varied. 
As a participant in this study your child will complete a 
series of rapid aiming movements. The movement will involve 
moving a stylus pen along a digitizing tablet. There will be 
four conditions made up of small/large targets and short/long 
movements. Each condition will be performed approximately 15 
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times. The expected duration for your child's participation is 
30 minutes. 
Your child's participation in this study will help advance our 
understanding of the underlying processes which occur during 
rapid aiming movements. We will also gain valuable insight as 
to how we can help children demonstrate timely and accurate 
movements when performing computer tasks, sport tasks, and 
tasks of everyday life. 
There are no foreseeable risks or discomforts associated with 
this research. The movement recorded will be minimal (15-30 
cm) and your child will be seated comfortably in a chair while 
performing tasks on the tablet. 
At any time during the study, your child may withdraw your 
consent to participate without prejudice toward them. Such 
withdrawl can be for any reason they choose. 
Any questions you or your child may have on any aspect of this 
research are welcome. At the conclusion of this study, you and 
your child will be informed of the results of this study and 
the conclusions drawn from the results. Your child's results 
will be kept strictly confidential and should their data be 
used in publication of the results, their name or any 
identifying characteristics will not be used. 
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* * * * * * * * * * 
I have read the above form and understand the testing 
procedures. I voluntarily agree to have my child participate 
in this research project and will allow the results to be used 
for research purposes. 
Name Witness 
(parent, guardian, or legally authorized official) 
Date Date 
If there are further questions regarding this study, please 
contact: 
Amy S. Albers 
Graduate Student at Iowa State University 
235 Forker Building, Ames, Iowa 
515-294-8009 
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Project Title: Movement substructures change as a function of 
target width and movement length manipulation in children and 
adults 
ASSENT FORM - CHILD 
I, , understand that my morn and -------------
dad/guardian have given permission for me to take part in a 
project about drawing lines to circles on a tablet, done by 
Arny S. Albers from Iowa State University. 
I am taking part because I want to, and I have been told that 
I can stop at any time I want to and I won't get in trouble if 
I want to stop. 
Signature 
If I have more questions, I can talk to: 
Arny S. Albers 
Graduate Student at Iowa State University 
235 Forker Building, Ames, Iowa 
515-294-8009 
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APPENDIX B. DEPENDENT VARIABLE STATISTICS 
Descriptive Statistics: Adult Movement Time 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC01M 20 .36 .61 .4554 6.988E-02 
Valid N 
(listwise) 20 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC02M 20 .26 .61 .3808 8.065E-02 
Valid N 
(listwise) 20 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC03M 20 .36 .77 .5849 9.41 0E-02 
Valid N 
(listwise) 20 
Descriptives 
Descriptive Statistics 
Std . 
N Minimum Maximum Mean Deviation 
MTC04M 20 .37 .66 .5034 8.324E-02 
Valid N 
(!istwise) 20 
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Descriptive Statistics: 9-Year Old Movement Time 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC01M 20 .59 1.59 1.0998 .2530 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC02M 20 .60 1.71 1.0215 .2857 
Val id N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC03M 20 .78 3.08 1.5287 .5545 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC04M 20 .63 2.29 1.3301 .4041 
Valid N 
20 (listwise) 
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Descriptive Statistics: 6-Year Old Movement Time 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC01M 20 .68 2.43 1.2944 .4395 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC02M 20 .69 1.84 1.1666 .3448 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC03M 20 .95 2.57 1.6275 .4499 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
MTC04M 20 .80 2.93 1.4307 .5238 
Valid N 
20 (listwise) 
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Descriptive Statistics: Adult Percentage of Movement Time in 
the Primary Submovement 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC01M 20 49.49 95.15 81.9117 11.0073 
Valid N 
20 (listwise) . 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC02M 20 58.52 97 .25 85.7041 9.8086 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC03M 20 42.01 97.31 79.0690 13.0013 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC04M 20 59.42 97.86 84.4993 9.2510 
Valid N 
20 (listwise) 
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Descriptive Statistics: 9-Year Old Percentage of Movement Time 
in the Primary Submovement 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC01M 20 12.25 61.16 24.3920 10.7948 
Valid N 20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC02M 20 12.29 63.68 28.8630 12.5096 · 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC03M 20 6.55 43.85 19.3177 9.1214 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC04M 20 8.76 51.12 23.5898 10.5405 
Valid N 
20 (listwise) 
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Descriptive Statistics: 6-Year Old Percentage of Movement Time 
in the Primary Submovement 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC01M 20 8.40 42.84 21.0600 7.7105 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC02M 20 12.39 46.16 25.5415 9.6026 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC03M 20 6.15 30.07 17.5395 6.9614 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PTC04M 20 7.22 42.13 21.0352 8.0305 
Valid N 
20 (listwise) 
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Descriptive Statistics: Adult Percentage of Movement Distance 
in the Primary Subrnovement 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC01M 20 91.73 99.85 97.2867 2.3544 
Valid N 
(listwise) 20 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC02M 20 86.97 99.48 96.7260 3.6875 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC03M 20 63.91 99.98 92.2684 10.8888 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC04M 20 72.10 99.94 94.5418 7.3962 
Valid N 
20 (listwise) 
48 
Descriptive Statistics: 9-Year Old Percentage of Movement 
Distance in the Primary Submovement 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC01M 20 5.41 61 .02 17.7475 12.0428 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC02M 20 6.24 61.13 21.6955 13.3551 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC03M 20 3.32 33.01 11.9753 8.5582 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC04M 20 3.87 39.17 14.8379 9.5696 
Valid N 
20 (listwise) 
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Descriptive Statistics: 6-Year Old Percentage of Movement 
Distance in the Primary Submovement 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC01M 20 4.30 44.84 18.1993 9.0304 
Valid N 
·20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC02M 20 7.32 46.51 22.0153 10.5140 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC03M 20 2.57 29.18 13.9166 8.2127 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
PDC04M 20 3.06 37 .16 16.3957 9.0395 
Valid N 
20 (listwise) 
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Descriptive Statistics: Adult Movement Jerk 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC01 M 20 26.84 169.50 54.9370 35.4980 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC02M 20 21 .81 87.55 38 .5768 15.8904 
Valid N 
20 (li stwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC03M 20 33.45 338.08 63.3536 67.1186 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std . 
N Minimum Maximum Mean Deviation 
JIC04M 20 28.08 242.54 51.4175 47.5432 
Valid N 
20 (listwise) 
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Descriptive Statistics: 9-Year Old Movement Jerk 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC01M 20 59.79 536.09 253.3733 115.1428 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC02M 20 60.88 543.77 216.7438 135.4853 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC03M 20 117.59 2019.91 484.5436 432.1366 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC04M 20 75.95 924.53 329.8693 199.4153 
Valid N 
20 (listwise) 
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Descriptive Statistics: 6-Year Old Movement Jerk 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC01M 20 96.98 1672.34 442.7652 397.7568 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC02M 20 81 .80 710.32 309.9443 198.9280 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC03M 20 175.85 1400.28 558.7902 329.9316 
Valid N 
20 (listwise) 
Descriptives 
Descriptive Statistics 
Std. 
N Minimum Maximum Mean Deviation 
JIC04M 20 109.07 1839.67 446.3425 413.7434 
Valid N 20 (listwise) 
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Univariate Statistics: Movement Time 
Measure: MEASURE_! 
Sphericity Assumed 
Type III 
Sum of 
Source Squares 
l'v1VT 5.217 
NlVT * .732 GROUP 
Error(MYT) 5.422 
Measure: MEASURE_ I 
Transformed Variable: Average 
Type III 
Sum of 
Source Squares 
Intercept 257.255 
/"Or'IT rn J, . .JO 1 
Error 21.792 
df 
3 
6 
171 
df 
1 
.t... 
57 
Tests of Within-Subjects Effects 
Mean 
Square F Sig. 
1.739 54.841 .000 
.122 3.847 .001 
3. l 71E-02 
Tests of Between-Subjects Effects 
Mean 
Square F Sig. 
257.255 672.885 .000 
·- J~ . -~ ..., 
.382 
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Univariate Statistics: Percentage of Movement Time in the 
Primary Submovement 
Measure: MEASURE_! 
Sphericity Assumed 
Type III 
Sum of 
Source Squares 
PRIMTIME 1959.960 
PRIMTIME * 123.587 GROUP 
Error(PRIMTHvIE) 4802.598 
Measure: MEASURE_ I 
Transformed Variable: Average 
Type III 
Sum of 
Source Squares 
Intercept 437799.47 
GROUP 193126.18 
Error 18071.720 
df 
df 
1 
2 
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Tests of Within-Subjects Effects 
Mean 
Square F Sig. 
3 653.320 23.262 .000 
6 20.598 C: .733 171 28.085 
Tests of Between-Subjects Effects 
Mean 
Square F Sig. 
437799.47 1380.863 .000 
96563 .092 304.570 .000 
317.048 
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Univariate Statistics: Percentage of Movement Distance in the 
Primary Submovement 
ieasure: MEASURE 1 
Sphericity Assumed 
Type III 
Sum of 
Source Squares 
PRlMDIST 1839.842 
PRJMDIST * 207.100 GROUP 
Error(PRlMD 1ST) 5653.216 
Measure: MEASURE_l 
Transformed Variable: Average 
Type III 
Sum of 
Source Squares 
Intercept 446526.46 
GROUP 325423.29 
Error 13762.357 
df 
df 
1 
2 
57 
Tests of Within-Subjects Effects 
Mean 
Square F Sig. 
3 613 .281 18.551 .000 
6 34.517 1.044 
171 33.060 
Tests of Between-Subjects Effects 
Mean 
Square F Sig. 
446526.46 1849.393 .000 
162711.64 673.908 .000 
241.445 
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Univariate Statistics: Movement Jerk 
1easure: MEASURE_l 
Sphericity Assumed 
Type III 
Sum of 
Source Squares 
JERK.IND 1011154.1 
JERK.IND* 462008.85 GROUP 
Error(JERKIND) 3851841.9 
Measure: MEASURE_l 
Transformed Variable: Average 
Type III 
Sum of 
Source Squares 
Intercept 17611286 
GROUP 6305759.0 
Error 10288372 
df 
df 
1 
2 
57 
Tests of Within-Subjects Effects · 
Mean 
Square F Sig. 
3 337051.36 14.963 .000 
6 77001.476 3.418 .003 
171 22525.391 
Tests of Between-Subjects Effects 
Mean 
Square F Sig. 
17611286 97.571 .000 
3152879.5 17.468 .000 
180497.76 
I 
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APPENDIX C. JERK CALCULATIONS 
Normalized jerk scores were calculated by computing the 
following equations: 
1. The third time derivative [m/s 3 ] of the movement position 
was calculated and squared [m2 /s 6]. 
2. The resulting function was integrated over the time of 
the motion [m2 /s 5 ], and divided by 2. 
3. To remove the dimension (units), this number was divided 
by the distance 2 of the movement, and multiplied by 
duration 5 • 
4. A square root was taken of the final result. 
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NOTES 
1 An explanation of the differences in movement execution 
among age groups is needed. In the easiest condition (2.91), 
the mean movement velocity for the young children was .0778 
cm/sec. However, the mean movement velocity for the adults was 
.0254 cm/sec. These data suggested that the young children 
could not move as fast as the adults when accuracy was 
required. Yan et al. (2000) found that younger children could 
move just as fast as adults when movement accuracy was not 
required. 
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